(See the editorial commentary by Imamichi and Lane, on pages 1479-82.)
Regulatory T cells (Tregs) are potent immune modulators, but their role in human immunodeficiency virus type 1 (HIV-1) pathogenesis remains poorly understood. We performed a detailed analysis of the frequency and function of Tregs in a large cohort of HIV-1-infected individuals and HIV-1 negative controls. While HIV "elite controllers" and uninfected individuals had similar Treg numbers and frequencies, the absolute numbers of Tregs declined in blood and gut-associated lymphoid tissue in patients with chronic progressive HIV-1 infection. Despite quantitative changes in Tregs, HIV-1 infection was not associated with an impairment of ex vivo suppressive function of flow-sorted Tregs in both HIV controllers and untreated chronic progressors.
Regulatory T cells (Tregs) are important immunoregulatory cells and have been shown to influence the outcome of various infections [1] . Tregs control excessive immune activation, thus limiting immune-mediated tissue damage, but can also suppress antigen-specific immune responses against pathogens. The impact of Tregs on human immunodeficiency virus type 1 (HIV-1) immune pathogenesis, including potential benefits through protection from HIV-1-associated generalized immune activation and deleterious effects on viral control via suppression of HIV-1-specific immunity, remains poorly understood, and data assessing the fate of Tregs during HIV-1 infection are often conflicting [2] . Recent studies further suggested that Tregs may be able to directly inhibit HIV-1 replication in activated T cells [3] , and there is evidence for differential susceptibility of cytotoxic T lymphocytes restricted by protective HLA alleles to suppression by Tregs [4] .
In this study we investigated frequencies of Tregs at different stages of HIV-1 infection in blood and gut-associated lymphoid tissue (GALT) and compared ex vivo suppressive activity of flow-sorted Tregs from HIV-1 "elite controllers," chronic untreated progressors, and HIV-1 negative controls. Our data show that relative Treg frequencies and numbers in elite controllers are not different from those in uninfected controls, but that absolute Treg numbers decline in blood and tissue from chronically infected individuals. Despite the loss of Tregs, the suppressive function of ex vivo flow-sorted Tregs was preserved in chronically infected individuals and not different from that in elite controllers or uninfected controls.
METHODS

Study Population (n = 107)
The study included 26 HIV-1 elite controllers with untreated asymptomatic HIV-1 infection and HIV-1 RNA levels <75 copies/mL, 30 individuals with chronic untreated HIV-1 infection, 20 HIV-1-positive individuals treated with highly active antiretroviral therapy with viral loads <50 copies/mL for >1 year (median, 3.5; range, 2-8), 10 individuals identified during acute HIV-1 infection, and 21 healthy HIV-1 uninfected controls. Individuals with acute HIV-1 infection were defined as HIV-1 RNA positive and HIV-1-p24 enzyme-linked immunosorbent assay (ELISA) negative or p24 ELISA positive with an evolving Western blot (≥3 bands). Clinical and epidemiological data for the study population are summarized in Supplementary Table 1 . For the tissue-related studies, colon biopsy specimens from additional 12 HIV-1-negative persons and 10 individuals with chronic untreated HIV-1 infection were investigated (median viral load, 27 633; interquartile range [IQR], 11 238-96 134 copies/mL; median CD4 T-cell count, 185.5; IQR, 5.5-399 cells/μL). The study was approved by the Massachusetts General Hospital Institutional Review Board, and written informed consent was obtained from all study participants. 
Flow Cytometry
Flow-based Cell Sorting and T-Cell Suppression Assays
Fresh blood samples collected in acid citrate dextrose anticoagulated blood collection tubes were enriched for CD4 + T cells 
Immunofluorescence Staining and Quantification of Colon Tissue Specimens
Paraffin-embedded colon tissue specimens were obtained by endoscopic biopsy and provided through the Brigham and Women's Hospital Pathology Department. Immunofluorescence staining was performed using 4-µm-thick formalin-fixed, paraffin-embedded tissue sections using mouse anti-human CD4 (Vector Burlingame) and anti-human FOXP3 (clone 206D; Biolegend). Slide acquisition was performed using a Zeiss AxioImager Z1 automated multichannel immunofluorescent microscope equipped with TissueFAXS software (Tissuegnostics) to obtain ×40 images, which were sorted for follicular and lamina propria areas. TissueQUEST (Tissuegnostics) image analysis software was used for cell identification, segmentation of cell compartments, and generation of scattergrams based on average fluorescence intensity.
Statistical Analysis
Wilcoxon rank test was used for comparing Tregs between 2 groups. For >2 groups, Kruskal-Wallis test was applied. Rankbased analysis of covariance was performed to adjust for the effect of age. Spearman rank correlation was used for correlation analyses. Longitudinal data analyses using generalized estimating equations was performed to compare the changes in suppression of T-cell proliferation. Differences were considered significant at P < .05.
RESULTS
Untreated Chronic Progressors Distinguished From Elite Controllers by Decrease in Absolute Treg Numbers but Increase in Relative Treg Frequencies
We first investigated the frequency of CD25 + FOXP3 + Tregs among peripheral CD4 + T cells in HIV-1-infected study participants at different disease stages and HIV-1-uninfected controls (gating scheme) ( Figure 1A ). Our data demonstrate that Treg frequencies in elite controllers were low (median, 3.2%; IQR, 2.1%-3.9%) and not significantly different from those in healthy control subjects (median, 2.8%; IQR, 2.3%-4.1%; P = .93) ( Figure 1B ). In contrast, relative Treg frequencies in individuals with untreated acute and chronic HIV-1 infection were significantly higher than in seronegative individuals, with median Treg frequencies of 4.5% (IQR, 2.3%-6.9%) in untreated chronic progressors (P = .029) and 5.8% (IQR, 3.3%-6.7%) in individuals with acute infection (P = .021). There were no significant differences between relative Treg frequencies in individuals with chronic treated or chronic untreated HIV-1 infection, suggesting that even long-term suppressive highly active antiretroviral therapy does not fully restore Treg numbers to levels found in HIV-1-uninfected individuals [5, 6] . In light of the associations between age and follicles, and we determined that Treg frequencies were not significantly different in the lamina propria or the follicles of colons from HIV-1-infected individuals compared with healthy donors (Figure 1D and 1F). These findings suggest that despite overall CD4 + T-cell depletion and Treg loss, Tregs were not preferentially depleted in the lamina propria or lymphoid follicles in chronic HIV-1 infection.
Similar Suppressive Capacity in Tregs Isolated From HIV-1 Elite Controllers or Untreated Chronic Progressors
After demonstrating quantitative Treg differences among HIV-1-infected individuals at different stages of disease, we next explored whether Treg functional capacity changed with disease progression. The interleukin 7 (IL-7) receptor-alpha, CD127, has been described as a reliable surface marker for live cell sorting of Tregs [7] (Figure 2A) 
CD127
+ responder cells at different ratios in CFSE proliferation assays. Tregs isolated from HIV-1 controllers, untreated progressors, and HIV-1-negative individuals were equally capable of suppressing T-cell proliferation in a dose-dependent manner ( Figure 2C and 2D) . These findings show that even though absolute Treg numbers decline during progressive HIV-1 infection, the suppressive function of the remaining Tregs on a per-cell basis remains intact.
DISCUSSION
Chronic immune activation, uncontrolled viral replication, and loss of CD4 + T cells are hallmarks of progressive HIV-1 infection, resulting in disease progression to AIDS. In this context, immune mechanisms with the ability to decrease inflammation and immune activation may play a significant role in maintaining the immunoregulatory equilibrium in peripheral blood and at mucosal sites. Tregs are key immune regulators with established relevance and therapeutic potential in many disease settings such as cancer, autoimmune diseases, and transplantation [8] . However, the role of Tregs in HIV-1 immune pathogenesis remains poorly understood, with data supporting both protective effects through reduction of generalized immune activation [9] and viral replication [3] , as well as potential negative effects on viral control through suppression of virus-specific immune responses [10] . Our comprehensive analysis of Tregs in a large cohort of HIV-1-infected individuals at different disease stages revealed that HIV-1 elite controllers maintained systemic Treg numbers and frequencies similar to those in uninfected individuals, suggesting a preserved equilibrium between immune activation and regulation. In contrast, relative Treg frequencies were increased in untreated progressive HIV-1 infection, starting already in primary infection, despite an overall decline in CD4 + T cells. This observed relative enrichment of Tregs among CD4 + T cells, and its association with markers of disease progression, is in line with recent reports [6, 11] and may be a consequence of relative sparing of Tregs from HIV-1-induced apoptosis compared with regular CD4 + effector cells, preferential Treg expansion, peripheral de novo generation or conversion of Tregs, or a combination of these factors [12] .
Although mucosal Tregs have been studied in animal models, few studies to date have investigated Tregs in the GALT in the setting of HIV-1 infection [11, 13, 14] . A recent study on Tregs derived from rectal biopsy specimens suggested relative increases in Tregs correlating with HIV-1 viral load and immune activation [11] . Although we found the same associations in PBMCs, we did not observe an enrichment of Tregs in the colon biopsy specimens from the subset of chronic progressors studied, despite an overall CD4 + T-cell decline. The differences observed between the different studies in the GALT of HIV-1-infected individuals may be related to heterogeneity in the tissue types studied (duodenum, colon, or rectal biopsy specimens), limited sample sizes, variable clinical parameters, and heterogeneity in experimental approaches and Treg quantification. Moreover, none of the studies published in the context of human and/or simian immunodeficiency virus to date have definitively distinguished between FOXP3 + CD4 + Tregs and non-Tregs by methods such as epigenetic analysis of DNA demethylation in the FOXP3 locus [15] , which is a further limitation of the published data on tissue-based Tregs thus far. Given the importance of this compartment for HIV-1 pathogenesis, further detailed studies addressing these issues are warranted. Data on the function of Tregs in HIV-1 infection are very limited to date and are often restricted to Treg depletion studies or bead isolation on the basis of suboptimal markers. We were fortunate to have access to flow-sorted Tregs isolated from large blood volumes for functional assays and show the preserved dose-dependent suppressive capacity of Tregs even in chronic progressive HIV-1 infection. Although these data do not exclude impairment of Treg function in an altered tissue microenvironment or impaired cross-talk with other cells such as dendritic cells, our results indicate that the ultimate failure to contain generalized HIV-1-associated immune activation may not be related to an intrinsic impairment of Treg function. Our findings further demonstrate that functional Tregs can be isolated and also expanded (data not shown) from HIV-1-infected individuals, which may be relevant for other disease entities afflicting HIV-1-infected individuals (eg, autoimmune diseases, transplantation), where adoptive transfers of Tregs are being explored as future therapeutic options, albeit currently in experimental stages [16] . Taken together, our data demonstrate that chronic HIV-1 infection is associated with a decline in Treg numbers in blood and GALT but a relative enrichment of Tregs in PBMCs and preserved Treg function across HIV disease states.
Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases online (http://www.oxfordjournals.org/our_journals/jid/). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author.
Notes
